Introduction
============

Endotracheal tubes (ETTs) are frequently used in clinical settings with \~20 million intubations performed annually.[@b1-ijn-12-2109] Device-associated infections such as ventilator-associated pneumonia (VAP) are closely associated with these tubes and not only affect the health of patients[@b2-ijn-12-2109]--[@b6-ijn-12-2109] but can also increase healthcare costs by as much as US\$55,882 per patient.[@b7-ijn-12-2109],[@b8-ijn-12-2109]

Thus, the development of ETT surfaces resistant to bacterial growth and colonization is a pressing concern. ETTs used today are composed primarily of polyvinyl chloride (PVC) combined with a plasticizer, usually an organic acid ester, to increase the flexibility of the material.[@b9-ijn-12-2109] Plasticized polyvinyl chloride (pPVC) tubes with nanomodified surfaces (or surfaces with features \<100 nm in one direction) could reduce bacterial adhesion and biofilm formation at the surface of ETTs. Surfaces with nanoscale features, such as nanoetched pPVC, mimic the natural dimensions of the cells and tissues within the body and have unique surface energetics (due to the increased surface area and, thus, exposure of the ETT chemistry).[@b10-ijn-12-2109] These surfaces have also been shown to attract the adsorption of proteins known to reduce bacteria attachment.[@b11-ijn-12-2109],[@b12-ijn-12-2109] Furthermore, pPVC ETT surfaces nanoetched with the fungal lipase *Rhizopus arrhizus* have been shown to significantly reduce the growth of *Staphylococcus aureus* and *Pseudomonas aeruginosa* (log reductions of 1.65 and 1.53, respectively), two of the most common bacteria found in VAP.[@b2-ijn-12-2109]

Although the unique antimicrobial properties of pPVC etched with *R. arrhizus* are well characterized, the mechanism for the creation of these nanoetched surfaces remains unclear. The nanomodification of polymer surfaces using bacterial and fungal lipases is not well described within the literature. Fortunately, degradation of polymers such as pPVC by microbes is a well-known phenomenon and has been studied extensively.[@b13-ijn-12-2109]--[@b16-ijn-12-2109] Fungi have been shown to degrade ester-based plasticizers such as pPVC.[@b17-ijn-12-2109] Biodegradation by fungi has been attributed to sn-1,3-specific lipases, such as the lipase found in *Rhizopus arrhizus*. These lipases have been shown to degrade polyesters and phthalates, specifically di(2-ethylhexyl) phthalate.[@b13-ijn-12-2109],[@b16-ijn-12-2109]--[@b18-ijn-12-2109]

Studies on the biodegradation of phthalates in the presence of microorganisms have shown that the mechanism of this reaction is a sequential hydrolysis of each ester--alkyl chain.[@b19-ijn-12-2109] Thus, this study proposes the following mechanism, shown in [Figure 1](#f1-ijn-12-2109){ref-type="fig"}, for the hydrolysis of the plasticizer in pPVC by the fungal lipase *R. arrhizus*.

A more accurate analysis of the surface chemistry of the nanoetched material could lead to an increased insight into the mechanism of the lipase etching of pPVC and finally to a better understanding of the interaction of *S. aureus* and *P. aeruginosa* with the ETT surface. Therefore, the objective of this study is to confirm the lipase-catalyzed change at the surface of pPVC using both X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR) analysis.

Methods
=======

Preparation of nanomodified ETT
-------------------------------

Sheridan^®^ PVC ETTs (Hudson RIC, Temecula, CA, USA) were modified using a fungal lipase produced from *R. arrhizus* (Sigma Aldrich, St Louis, MO, USA). PVC ETTs were cut into pieces with a length of 0.6 cm and a width of 0.3 cm. PVC pieces were then immersed in 20 mL of a 0.1% mass solution of *R. arrhizus* lipase dissolved in a 1M potassium phosphate buffer (Fisher Scientific, Waltham, MA, USA). These pieces were then gently agitated on an incubator shaker (Excella E24, New Brunswick Scientific, Edison, NJ, USA) for 24 hours at 37°C and 200 rpm. After 24 hours, the lipase solution was replaced and the ETT pieces were agitated for an additional 24 hours. At the end of 48 hours, the ETT pieces were removed from the lipase solution and were washed with distilled water. The ETT pieces were then sterilized using ethylene oxide exposure (Steri-Vac 5XL, 3M, Minneapolis, MN, USA) in a 16-hour sterilization cycle.

The activity of the *R. arrhizus* lipase used in this experiment was 10.5 U/g, where one unit is defined as the amount of enzyme that catalyzes the release of 1 μmol of oleic acid per minute at pH 7.4 and 40°C.[@b20-ijn-12-2109]

Surface analysis
----------------

To compare the surface chemistry of the nanomodified samples to the unmodified samples, attenuated total reflectance FTIR (ATR-FTIR) was used. Two untreated pPVC sections and two nanomodified sections were evaluated using ATR-FTIR. Briefly, in situ surface structural changes were observed using a Vertex 70 spectrometer (Bruker Optik GmbH, Ettlingen, Germany) equipped with a ZnSe crystal (path length of 1.66 μm) and OPUS 6.5 software (Bruker Optik GmbH). Samples were observed at ambient temperature and at a resolution of 4 cm^−1^. Background spectra were subtracted from the obtained reflectance. Bands in the FTIR spectra obtained in this analysis were then compared with standards to determine any differences in the chemical composition of the samples.

Additional tests were conducted to determine ion absorption on the material surface from the cell culture media. Nanomodified and unmodified PVC samples were soaked in tryptic soy broth (TSB) media for 24 hours at 37°C, rinsed with deionized, sterilized water, and air dried. The surfaces of each sample were characterized using XPS. The XPS samples were processed using a 5500 Multitechnique Surface Analyzer (Perkin Elmer, Waltham, MA, USA) with an Al K-alpha monochromatized X-ray source. Each surface was analyzed in an annular area of 400 μm. Acquired data were processed with appropriate software (PC Access ESCA V7.2C, Physical Electronics, Chanhassen, MN, USA) and compared with un-soaked samples.

Statistics
----------

To measure similarity between spectra, spectra were analyzed using the Pearson's product moment correlation coefficient. For each pair of untreated and nanomodified samples, Pearson's product moment correlation coefficients were assessed between each replicate using SPSS statistics software (IBM, Armonk, NY, USA) and then averaged. Correlation coefficients were calculated for the entire IR spectra and for relevant zones of the IR spectrum described as follows: 3,700--3,200, 3,200--2,700, 2,000--1,680, 1,680--1,450 cm^−1^, and the fingerprint region. Similarity indices, such as the squared correlation coefficient, were also calculated for each of these regions. Spectral similarity was considered significant at *P*\<0.05.

Results
=======

The ATR-FTIR spectra of both the unmodified and nanomodified surfaces are shown in [Figure 2](#f2-ijn-12-2109){ref-type="fig"}. PVC can be identified in the spectra by its principal absorption bands, the C--H stretching bands at 2,800--3,000 cm^−1^ and the C--Cl stretching vibrations near 600 cm^−1^.[@b21-ijn-12-2109] Further characteristic PVC spectral bands within the fingerprint region were identified and compared to the literature. These include the wagging of the methylene groups at 1,427 cm^−1^, the stretching of C--H from Cl--CH at 1,257 cm^−1^, the C--C bond of the backbone chain at 1,072 cm^−1^, and the rocking vibration of CH~2~ at 958 cm^−1^.[@b22-ijn-12-2109]

Additives, such as the phthalate plasticizer found in medical PVC, can also be identified from the FTIR spectra. The characteristic carbonyl band at 1,722 cm^−1^ is indicative of an aromatic ester as is the peak at 742 cm^−1^ indicating out of plane aromatic C--H bending in a 1,2-disubstituted benzene ring (phthalic group).[@b21-ijn-12-2109],[@b23-ijn-12-2109] A peak corresponding to the symmetric stretching of the C--O--C grouping seen in aryl esters is also seen in the spectra of both the nanomodified and untreated samples at 1,124 cm^−1^.[@b21-ijn-12-2109]

A statistically significant correlation was found between the nanomodified PVC and the untreated surfaces (Pearson's correlation, *R*=0.997 \[*R*^2^=0.994, *P*\<0.001\]), showing that no significant changes occurred between the nanomodified and untreated spectra. Small decreases in the intensity (0.01 absorbance units) of the (sp[@b3-ijn-12-2109]) C--H stretching bands, the C=O stretch and the C--H stretch were observed between the untreated and nano-R surfaces. A new absorbance band at 1,018 cm^−1^ could also be seen on the lipase-treated nano-R materials. This band has been shown to be associated with the stretching of the C--O--H bond and is thought to result from the degradation of the plasticizer.[@b24-ijn-12-2109]

[Figure 3](#f3-ijn-12-2109){ref-type="fig"} shows survey spectra from the XPS analysis of the ETT surface. The spectra of both nanomodified and untreated PVC samples contained peaks at C1s (286 eV), O1s (535 eV), and Cl2p3 (271 eV). As shown in [Table 1](#t1-ijn-12-2109){ref-type="table"}, atomic percentages for carbon and chlorine differed from the values characteristic to pristine PVC (67 atomic% C and 33 atomic% Cl).[@b25-ijn-12-2109] Both untreated tubes and nanomodified tube samples had an increased level of carbon (86 atomic% and 75 atomic%, respectively) at the surface of the tubes. In addition, oxygen was found on both surfaces (12.3 and 11.4 atomic%). Si was also detected at the surface of the untreated PVC samples as seen in studies of other native PVC materials.[@b26-ijn-12-2109] The O/C ratio was calculated from the survey spectra, for both the nano-R and untreated surfaces. This value showed a slight increase on all of the nano-R surfaces (0.14±0.02 untreated to 0.15±0.01 nano-R).

The XPS spectra of untreated and nanomodified samples soaked in TSB media for 24 hours were also analyzed. Untreated PVC samples soaked in TSB media for 24 hours had very similar surface chemistry to un-soaked surfaces. The XPS spectra of nanomodified ETT soaked in TSB media for 24 hours ([Figure 3C and D](#f3-ijn-12-2109){ref-type="fig"}) also included a peak at Na1s (atomic% 3.59). This could be due to the adsorption of sodium ions from the media on the surface of the material after the degradation process. This adsorption of ions from media has been shown to affect many surfaces, and the adsorption of sodium ions from the culture media has been observed on the surface of many polymers, such as polyphenylacetylene.[@b27-ijn-12-2109] This change in sodium adsorption supports our hypothesis that changes in nanoscale roughness alone can lead to changes in surface energy to influence ion adsorption important for bacteria functions.

Discussion
==========

This study performed a detailed analysis of the surface chemistry of plasticized PVC ETT using both ATR-FTIR and XPS. No significant differences occurred between the spectra of the untreated and nanomodified pPVC in any region. In addition, analysis of the spectra of each region revealed that at most small, insignificant, differences in absorbance between the nanomodified and untreated spectra were not greater than or equal to the variance between the untreated samples. This suggests that no significant structural changes occurred in the surface chemistry of the nanomodified PVC ETT as a result of the 48-hour lipase treatment. Minor changes (0.008--0.01 absorbance units) were observed in the intensity of certain bands commonly associated with the plasticizer, including the (sp[@b3-ijn-12-2109]) C--H stretching bands, the C=O stretch band, and the C--H stretch band. No shifting or widening of the bands was observed in this spectra. These weak changes in the FTIR spectra are below the generally accepted limitation for significance in FTIR spectra, as they are less than three times the measured background noise (0.009--0.012 absorbance units).[@b28-ijn-12-2109] Although these minor changes at the surface of the nanoetched pPVC ETT material could indicate chemical changes that are below the limits of detection of ATR-FTIR, it is unlikely that such changes significantly altered surface chemistry to influence the aforementioned decreased bacteria adhesion on nanoetched pPVC. Further spectroscopic studies of PVC modified with lipase at a range of concentrations \>0.1% could yield valuable insight into the mechanism of lipase degradation.

XPS analysis of the pPVC ETTs showed differences between this material and pristine PVC, including evidence of oxygen at the surface of the tubes and an increased concentration of carbon. This confirms the presence of plasticizer at the surface of these materials. Comparisons of the XPS data of nanomodified and untreated ETT showed a decrease of oxygen on the surface of the nano-R ETT, but indicated slight increases in the O/C ratio on the nano-R samples. This further supports the proposed mechanism for the lipase etching process, suggesting that the release of plasticizer degradation products may cause restructuring of the ETT material surface. This, in turn, may influence the proportion of oxygenated functional groups at the surfaces of pPVC ETTs.[@b24-ijn-12-2109],[@b29-ijn-12-2109] The change is further supported by the increased hydrophilicity of the nano-R materials, as seen in previous studies.[@b30-ijn-12-2109],[@b31-ijn-12-2109] However, the O/C ratio for these materials did not change significantly with the 0.1% lipase treatment suggesting that bacterial adhesion and growth on the surface of the nano-R material is influenced by other factors than surface chemistry.

Analysis of samples soaked in TSB culture media showed adsorption of sodium ions to the surface of these nanoetched materials. The adsorption of sodium ions from the media onto the surface of the nanoetched material suggests that the lipase nanoetching process may influence the surface energy of the nanomodified PVC, as a result of nanoscale surface features alone. The energy of the pPVC material may reduce bacterial adhesion at the surface as ionic materials have been shown to have lower initial adhesion than their nonionic counterparts. In fact, many natural surfaces are negatively charged.[@b32-ijn-12-2109]

Charged polymer materials have complex electrostatic interactions with the surrounding media. The type of polymer surface, the concentration, and type of electrolyte, as well as the strain of bacteria can influence bacterial adhesion.[@b33-ijn-12-2109],[@b34-ijn-12-2109] Although small increases in electrolyte concentration have been shown to increase reversible bacteria adhesion at high electrolyte concentrations, electrostatic interactions between bacteria and the surface are reduced and bacteria adhesion is decreased.[@b35-ijn-12-2109],[@b36-ijn-12-2109] Marshall et al found that at a concentration of \~5×10^−4^ M for NaCl, *Achromobacter* were repulsed from the surface.[@b37-ijn-12-2109] Similar electrostatic repulsion of ocular bacteria such as *P. aeruginosa* was seen on hydrogel contact lenses immersed in high concentrations of NaCl.[@b38-ijn-12-2109] Importantly, the change in surface energy on the nano-R pPVC ETT suggested by the adsorption of sodium ions to the surface of these materials may explain the significant decreases in bacteria function that occur on these nanomodified surfaces.

Conclusions
===========

An XPS and ATR-FTIR characterization of nanoetched pPVC ETT assessed the chemical composition at the surface of these tubes and confirmed the presence of a plasticizer within this material. Qualitative and quantitative analyses of XPS and ATIR-FTIR showed that spectra from nanoetched pPVC ETT treated with a 0.1% lipase solution had no significant differences from the unetched pPVC. In addition, no shifting or widening of the bands was seen between the two materials. These results provide evidence that surfaces nanoetched with a 0.1% lipase solution for 48 hours have no significant change in surface chemistry and suggest that the unique antimicrobial properties of these materials are due to changes in the degree of the nanoscale roughness at the surface of the tubes, not changes in their surface chemistry.
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![Proposed mechanism for hydrolysis of a plasticizer by *Rhizopus arrhizus* lipase.\
**Notes:** (**A**) Phthalate binds to the lipase molecule and the active site of the lipid (Ser O^−^) and performs a nucleophilic attack of the substrate's carbonyl carbon atom. (**B**) A transition state occurs where a covalent intermediate is formed by binding of the substrate to the enzyme's serine residue. (**C**) A water molecule is activated by the histidine residue of the lipase and performs a nucleophilic attack on the intermediate. (**D**) The products of the reaction are released. (**E**) SEM image of unetched PVC ETT: magnification ×30 K. (**F**) SEM image of PVC ETT etched with a 0.1% *R. arrhizus* solution (nano-R): magnification ×20 K.\
**Abbreviations:** ETT, endotracheal tube; PVC, polyvinyl chloride; SEM, scanning electron microscopy.](ijn-12-2109Fig1){#f1-ijn-12-2109}

![Fourier transform infrared spectroscopy spectra of the Sheridan^©^ polyvinyl chloride endotracheal tube (**A**) untreated as compared to (**B**) treated with a 0.1% *Rhizopus arrhizus* solution (nano-R).](ijn-12-2109Fig2){#f2-ijn-12-2109}

![XPS survey spectra of the soaked Sheridan^©^ PVC ETT compared to previously reported spectra.\
**Notes:** (**A**) Untreated as compared to[@b10-ijn-12-2109],[@b27-ijn-12-2109] (**B**) treated with a 0.1% *Rhizopus arrhizus* solution (nano-R).[@b10-ijn-12-2109],[@b27-ijn-12-2109] XPS spectra of Sheridan^©^ PVC ETT immersed in TSB for 24 hours (**C**) untreated as compared to (**D**) treated with a 0.1% *R. arrhizus* solution (nano-R).\
**Abbreviations:** E, energy; ETT, endotracheal tube; N(E), number of emitted electrons as a function of energy; PVC, polyvinyl chloride; TSB, tryptic soy broth; XPS, X-ray photoelectron spectroscopy.](ijn-12-2109Fig3){#f3-ijn-12-2109}

###### 

Atomic percentages of plasticized polyvinyl chloride endotracheal tube determined through X-ray photoelectron spectroscopy analysis

                            C1s    O1s    Na1s   Si2p   Cl2p   O/C
  ------------------------- ------ ------ ------ ------ ------ ------
  Untreated                 86.1   12.3                 1.7    0.14
  Nano-R                    75.1   11.4                 7.9    0.15
  Untreated (24-hour TSB)   76.8   11.1          2.4    5.3    0.14
  Nano-R (24-hour TSB)      84.5   10.4   1.5           3.6    0.16

**Abbreviations:** C1s, carbon 1s electron shell; O1s, oxygen 1s electron shell; Na1s, sodium 1s electron shell; Si2p, silicon 2p electron shell; Cl2p, chlorine 2p electron shell; O/C, oxygen to carbon ratio; Nano-R, 0.1% *R. arrhizus* solution; TSB, tryptic soy broth.
